We present laboratory studies on the thermal evolution of a solid ammonia-water mixture after it has been irradiated at 20, 70, and 120 K. In samples irradiated at 70 K, we observed fast outbursts that appear to indicate grain ejection and correlate well with the formation of micron-sized scattering centers. The occurrence of this phenomenon at the lower irradiation temperatures indicates that our results may be most relevant for understanding the release of gas and grains by comets and the surfaces of some of the colder icy satellites. We observe outgassing at temperatures below those where ice sublimates, which suggests that comets containing radiolyzed material may have outbursts farther from the Sun that those that are passive. In addition, the estimated size of the grains ejected from our sample is on the order of the size of E-ring particles, suggesting that our results give a plausible mechanism for how micron-sized grains could be formed from an icy surface. Finally, we propose that the presence of the ∼4.5 μm N 2 O absorption band on an icy surface in outer space will serve to provide indirect evidence for radiation-processed ices that originally contained ammonia or nitrogen, which could be particularly useful since nitrogen is such a weak absorber in the infrared and ammonia is rapidly decomposed by radiolysis.
INTRODUCTION
Ammonia has long been predicted to exist on icy satellites in the outer solar system (Hogenboom et al. 1997; Lewis 1972; Stevenson 1982) . However, it has only been identified in the near-infrared reflectance spectra of Charon (Brown & Calvin 2000; Dumas et al. 2001) , Miranda (Bauer et al. 2002) , and possibly a few other icy satellites (Emery et al. 2005; Verbiscer et al. 2006) . This is somewhat surprising as previous laboratory studies have shown that in water ice, where ammonia is most likely found, hydrated H 2 O:NH 3 compounds form in the ratios 1:2, 1:1, and 2:1 (Kargel 1992) , and they have distinct crystal structures and infrared absorption spectra (Bertie & Shehata 1984; Moore et al. 2007) . A likely explanation for the discrepancy between expectations and observations is that radiation preferentially depletes ammonia from ammonia-water ice mixtures (Loeffler et al. 2006a; Moore et al. 2007; Strazzulla & Palumbo 1998) , which could then preferentially deplete the ammonia from the surface.
The potential presence of ammonia mixed in the icy satellites is intriguing since ammonia lowers the melting point of water drastically, by ∼100 K, possibly allowing for cryovolcanism in icy satellites around Saturn and Uranus (Kargel 1994) . The detection of the spectacular polar plumes in Enceladus, a moon of Saturn (Porco et al. 2006) , only intensified speculation on the presence of NH 3 . Initial measurements with Cassini's mass spectrometer (INMS) suggested that at best NH 3 was a trace component in the plume (Waite et al. 2006) , and this was supported by later studies where the NH 3 abundance was reported to be 0.8% (Waite et al. 2009 ). However, the low abundance of NH 3 in the plume initially did not negate the possibility that it still could have played an important role, as INMS data also showed the presence of mass 28, which was most likely due to CO or N 2 . N 2 could be an indirect indicator for NH 3 , as it is the main decomposition product of irradiated ammonia-water mixtures (Loeffler et al. 2006a ) and could also have been produced from NH 3 thermal decomposition in Enceladus' interior (Matson et al. 2007 ). However, more recent UVIS observations suggest that mass 28 is more likely CO, as the actual abundance of N 2 in the plume is quite low (<0.5 wt.%; Hansen et al. 2011) .
In addition to the icy satellites, solid mixtures of ammonia and water are very likely present in comets (Kawakita & Watanabe 2002) and in interstellar ices (Tielens & Hagen 1982) , which are both processed by radiation. As comets warm while approaching the Sun, chemical reactions between stored radicals produced via radiation processes become activated and may result in outgassing. Laboratory studies focused on simulating the thermal evolution of non-radiolyzed (see Bar-Nun & Laufer 2003 , and references therein) and radiolyzed cometary ices (Allamandola et al. 1988; Loeffler et al. 2006c; Moore et al. 1983 ) have been performed previously. Here, we expand on our previous work that focused on the thermal evolution of irradiated ammonia-water ice on colder icy satellites (Loeffler et al. 2006a) , such as Enceladus, by studying the thermal evolution of ammonia-water ices irradiated between 20 and 120 K to investigate in more detail the outbursts of water, hydrogen, and nitrogen we observed during warming and to determine whether this could also be expected in environments where radiation processing has occurred at other temperatures. In this work, we used a distinctive combination of characterization techniques: infrared spectroscopy, mass spectrometry, high-resolution photography, and microgravimetry. The multiple observations allowed the correlation of gas bursts previously reported with quantification of the chemical composition of the solid and sputtered species as a function of total irradiation fluence.
EXPERIMENTS
All experiments were performed in a cryopumped stainlesssteel vacuum chamber on a radiation-shielded cryostat ( Figure 1 ). The base pressure of the chamber was ∼10
−10
Torr and 1-2 orders of magnitude lower inside the shield. Solid ammonia-water films were grown at 80 K by vapor deposition on an optically flat gold mirror electrode of a 6 MHz quartzcrystal microbalance (QCM). The areal mass Q (mass/area) of the films was determined by the change in the resonance frequency of the crystal, which was measured with an Inficon IC/5 controller to a resolution of 0.1 Hz (Sack & Baragiola 1993) . The measured Q can be converted to film column density η (molecules cm −2 ) if the film composition is known, and converted to thickness if the mass density is known (Sack & Baragiola 1993) .
The films deposited had a mass column density of 148 μg cm −2 (thickness ∼2 μm), slightly larger than the depth of penetration of the 100 keV H + ions at 9
• incidence used during irradiation, as calculated with TRIM (Ziegler 2010) . The mixed-ice films were grown using two separate gas dosers adjusting the relative gas fluxes to achieve the 1:2 NH 3 :H 2 O ratio of the dihydrate, one of the equilibrium phases for ice mixtures with <65.4 wt.% ammonia (Hogenboom et al. 1997) . After growth, the films were warmed to 120 K to achieve uniform mixing and subsequently cooled to 20, 70, or 120 K where the irradiation was performed.
The mass-analyzed proton beams were scanned uniformly over the film while the ion beam current and fluence were monitored by a calibrated thin wire collector, placed in the beam path. A Dycor M200 quadrupole mass spectrometer (MS) monitored the flux of species ejected (sputtered) during irradiation. The MS was also used to study gas desorbed during heating of the film at 0.2 K min −1 , a method called temperature programmed desorption. During heating, we monitored the structural changes in our sample using a digital camera attached to a Questar QM-100 Long Distance Microscope aimed at near normal incidence to our sample.
Characterization of the chemical composition of the films was performed by measuring specular reflectance at an incident angle of 35
• using a Thermo-Nicolet Nexus 670 Fourier Transform infrared spectrometer at 2 cm −1 resolution. The spectra were divided by the reflectance of the gold mirror substrate taken before film deposition and converted into absorption by taking the natural logarithm. Absorption band areas were derived after subtraction of baselines that matched the continuum.
RESULTS AND DISCUSSION

Background on Irradiation Effects
To help guide the reader through the experimental results, we start with a brief background of radiation effects. Irradiation of ammonia-water mixtures results in dissociation into radical species, with very efficient hydrogen loss and the recombination of the radicals into new stable molecules, predominantly H 2 and N 2 , detectable by infrared spectroscopy due to lattice perturbations (Loeffler et al. 2010) . Those molecules can trap at existing voids or at defect sites, such as vacancies, or diffuse through the lattice. At high fluences they may form highpressure bubbles and blisters that exfoliate. The formation of gas bubbles has been studied extensively for nuclear materials (Das & Kaminsky 1976) . In nuclear fission, gas products of nuclear disintegration (mostly He) accumulate in the material. In fusion reactors, bubbles and blisters form as a result of implantation of energetic D, T, and helium ions into reactor materials.
The important ingredients of gas bubble formation are the diffusion of the gas atoms or molecules, and their trapping at sites with high binding energies. These sites can be nanopores or vacancies formed by radiation. The evolution of nanopores and defects, and gas diffusion depend strongly on temperature due to the existence of energy barriers. Gas evolves into bubbles as the strain energy in the lattice is minimized by aggregation of gas and vacancies. The bubbles grow by Ostwald ripening, produce swelling of the material, and, when they are close to the surface, their internal gas pressure can cause them to form blisters which can rupture if the pressure is greater than the rupture strength of the material (Das & Kaminsky 1976 ). This phenomenon is accompanied by gas bursts and the possible ejection of the blister skin.
Effect of Irradiation Temperature
The behavior of NH 3 -2H 2 O ices during irradiation has been reported previously (Loeffler et al. 2010 ). Here we discuss the evolution of the samples after irradiation. Figure 2 shows both the MS and microbalance (QCM) data from three different NH 3 -2H 2 O ice samples during warming after irradiation to ∼9 × 10 15 ions cm −2 at 20 K, 70 K, and 120 K. At this high value of fluence, most of the ammonia has been dissociated, and the infrared spectrum is dominated by H 2 O absorption bands (Figure 3 ) but does indicate the presence of other radiation products (Loeffler et al. 2010) .
For the sample irradiated at 20 K, infrared spectra show the composition to be mainly water, with small amounts of NO, NH 2 , N 2 , and H 2 (Loeffler et al. 2010) . The infrared spectra show that the infrared band area of H 2 and N 2 absorption bands decrease during heating, consistent with our previous studies at 70 K (Loeffler et al. 2006a) , while the NO band decreases to the noise level by the time the sample reaches 90 K. In contrast, a band at 2224 cm −1 that we attribute to N 2 O appears and increases during heating until it reaches a maximum at ∼140 K (Figure 4 ). Nitrous oxide can be produced by these reactions of radicals from water:
The temperature dependence of N 2 O production is opposite to that of H 2 O 2 synthesis in water (Loeffler et al. 2006b ), Figure 2 . Effect of irradiation temperature on the thermal desorption spectra of a 1:2 ammonia-water mixture irradiated with 100 keV protons during warming at 0.2 K min −1 using the mass spectrometer and quartz crystal microbalance. In all panels, spectra from top to bottom are for irradiation temperatures of 20, 70, and 120 K. The irradiation fluences were 9.8 × 10 15 ions cm −2 for experiments at 20 and 120 K and 8.3 × 10 15 ions cm −2 at 70 K. The spectra have been offset vertically for clarity. (A color version of this figure is available in the online journal.) Figure 3 . IR spectra of a 1:2 ammonia-water mixture after irradiation. From top to bottom, irradiations were with 9.8 × 10 15 ions cm −2 at 20 K, 9 × 10 15 ions cm −2 at 70 K, and 9.8 × 10 15 ions cm −2 at 120 K. Major bands are labeled; for a complete identification of observed bands see Loeffler et al. (2010) .
(A color version of this figure is available in the online journal.) which correlates with OH production, but is similar to that for O 2 synthesis (Teolis et al. 2009 ). By 90 K, most of the OH disappears by recombining with H or H 2 , except near the surface, where hydrogen escape is more likely. The oxygen-rich surface layer, responsible for the formation of O 2 , is where the nitrous oxide likely forms by reaction (2).
The MS data (2, 14, 18 amu) show two types of mass ejection during annealing: the usual thermal effusion and strikingly fast bursts that occur as low as ∼125 K. The initial desorption is dominated by hydrogen, peaking at ∼34 K, while above 130 K Figure 5 . Fluence dependence of thermal desorption measured by the mass spectrometer and the microbalance for a 1:2 ammonia-water mixture irradiated at 70 K with 100 keV protons, and warmed at 0.2 K min −1 . The fluence for each spectrum (top to bottom in all panels) is 3.7 (black), 5.6 (red), 7.1 (green), and 9 (blue) × 10 15 ions cm −2 . In each panel the spectra have been offset vertically for clarity. (A color version of this figure is available in the online journal.) nearly all the mass loss is due to the desorption of water. The desorption peaks for H 2 O, H 2 , and the QCM are at ∼135 K. The short bursts are present for all three masses, as well as other related ones, such as 28 amu (N 2 ; data not shown here). The bursts build up, peak between 130 and 140 K, and then cease as warming progresses above 140 K. The short bursts are similar to what was observed when icy particles were ejected from a gas-loaded ice during warming (Laufer et al. 1987) . According to the QCM, the mass loss from the sample during each burst was below our level of detection (∼3 ng cm −2 ). The sample irradiated at 70 K contains water, small amounts of ammonia, N 2 , H 2 , and NH 2 , but no detectable nitrogen oxides (Loeffler et al. 2010) . However, as at 20 K, an absorption band indicative of N 2 O appears during warming and reaches a maximum when the sample temperature is at ∼130-140 K. The thermal desorption measured by the MS shows fast bursts for all three molecules beginning at ∼115 K, increasing in intensity and peaking between 125 and 135 K. Furthermore, when the pressure bursts are the most intense, we observe broad effusion peaks for each of the three mass channels, but they are not concurrent. Comparing these results with the QCM data, we see that instead of simply one peak, there are now two desorption peaks: the one at 130 K corresponds to peaks of H 2 O and H 2 in the MS, while the one at ∼137 K corresponds to the release of N 2 .
Infrared spectroscopy shows that the sample irradiated at 120 K contains mostly water and small amounts of NH 2 , and N 2 O, ammonia but no detectable H 2 or N 2 (Loeffler et al. 2010) . Since the infrared activity of H 2 and N 2 require symmetrybreaking perturbations, the absence of absorption bands may imply that either there is very little gas, very little lattice damage, or both. The latter is expected since at 120 K the water molecules are mobile, especially by radiation-enhanced diffusion. This diffusion would cause annealing of the defects that are needed for bubble formation and blistering, hence explaining the absence of gas outbursts. The only desorption peak seen in the MS is that for nitrogen, at ∼141 K, coinciding with that measured by the QCM. To study a possible connection between the lack of gas outbursts and hydrogen, we studied how the pressure spikes depended on the amount of trapped gas in the sample by stopping the irradiation at different fluences and warming the sample under the same experimental conditions. For simplicity, we conducted the rest of our experiments at the intermediate temperature of 70 K. Figure 5 shows both the MS and microbalance (QCM) data from different NH 3 -2H 2 O ice samples during warming at 0.2 K min −1 after they were irradiated at 70 K with ions to fluences between 1.5 and 9 × 10 15 ions cm −2 (or between ∼26 and 160 eV (16 amu molecule) −1 ). One can see fast pressure bursts in all spectra for these three channels, although with varying starting points, frequency, and intensities. In addition, the MS also shows two regions where there are broad desorption peaks that are also recorded by the QCM. The lower temperature peak varies by ∼15 K, changes shape considerably, and contains hydrogen, water, and nitrogen, while the higher temperature peak always occurs at ∼137 K, is symmetric, and contains Figure 6 . Fluence dependence of areal mass lost in two peaks shown in thermal desorption spectra measured by the microbalance data and partially depicted in Figure 5 . The data on top are for the peak at 137 K, due to nitrogen, and the data at the bottom are for the peak occurring between 115 and 130 K, in the region of the outbursts, due to a combination of trapped gases (mostly water). The curves are meant to guide the eye. (A color version of this figure is available in the online journal.) mostly nitrogen. Figure 5 shows that the ejection of water is related to bursts of both H 2 and N 2 , possibly due to the ejection of part of a blister cover when the bubbles reach the surface. Interestingly, at the highest fluence studied (9 × 10 15 ions cm −2 ), there is no low-temperature peak and also no corresponding hydrogen desorption, suggesting that this peak is driven by hydrogen. In addition, at the lowest fluence studied (1.5 × 10 15 ions cm −2 ), less than half of the NH 3 is destroyed (Loeffler et al. 2010 ) yet these outbursts are present, indicating that the outbursts will likely be observable in samples of lower concentration. Figure 6 shows the area of the desorption peaks observed with the QCM as a function of total fluence received during irradiation at 70 K. The low-temperature peak reaches a maximum at ∼6 × 10 15 ions cm −2 , which is somewhat surprising as neither hydrogen nor nitrogen have their maximum concentration here: the hydrogen trapped in the sample peaks at ∼1 × 10 15 ions cm −2 and subsequently drops (Loeffler et al. 2010) , while the nitrogen builds up to a maximum value and remains constant. This discrepancy suggests that these bursts not only depend on how much gas is trapped but also on radiation-induced defects.
Fluence Dependence of Outbursts for Irradiation at 70 K
In addition to the MS and QCM observations, we also performed some desorption measurements with the sample rotated to face the nude ionization gauge. Results from one of these experiments are shown in Figure 7 for a sample irradiated with 2.3 × 10 15 ions cm −2 at 70 K. The trends observed with the ionization gauge are the same as seen in the MS but the faster acquisition time indicated that the FWHM of the fast bursts are, at most, a few hundred microseconds, possibly limited by ion gauge response.
Optical Changes in the Sample Irradiated at 70 K
The ejection of water and the gas outbursts below 140 K point to the phenomenon of blistering. The formation and rupture of the blisters should be accompanied by changes in the appearance of the sample. We thus measured the specular infrared reflectance at 1.5 μm for a sample irradiated to 5.6 × 10 15 ions cm −2 during warming at 0.2 K min −1 . Figure 8 shows that the sample reflectance is relatively constant until the outbursts begin, where it drops suddenly as the outbursts intensify . Specular reflectance at 1.5 μm of a 1:2 ammonia-water mixture during heating at 0.2 K min −1 . Prior to heating, the sample was irradiated with 100 keV protons to a fluence of 5.6 × 10 15 ions cm −2 . and the first broad desorption peak occurs (see Figure 5) . We interpreted this drop in reflectance due to scattering by surface structures such as those produced by blisters. This was further tested by using a long-range optical microscope on the system to examine the sample structure during warming. Since vibrations of the closed-cycle refrigerator with amplitudes of tens of μm blurred the images, we turned it off at ∼115 K to photograph the changes in the samples. At this point, the sample heating rate increased to 1.2 K min −1 as well but it stayed constant through the observations reported in Figures 9 and 10 . Figure 9 shows the presence of roughly circular structures, with lateral size on the order of μm, strongly supporting the idea of blisters due to the release of trapped H 2 and N 2 that have aggregated during warming. Figure 10 shows the QCM data, where numbers correspond to points where the photographs in Figure 9 were shown. Interestingly, in these experiments the peak at 120 K is higher than the high-temperature peak, which suggests that blistering may have a strong dependence on the heating rate. Figure 9 ; the numbers correspond to those in the panels in Figure 9 . Note that at 116 K the heating rate was increased to 1.2 K min −1 (see the text).
Timescales in Astrophysical Environments
For the fast outbursts described above to occur, we observed that irradiation of our samples needed to be at or below 70 K, and thus we suggest that the results presented here will be most relevant for colder surfaces that contain ammonia, such as Oort Cloud comets, Charon, Miranda, and KBO Quaoar. Using previous modeling results (Cooper et al. 2003; Strazzulla et al. 2003a ) and extrapolations (Moore et al. 2007 ), we find that over their lifetime, the top meter of the surface of Oort Cloud comets, Charon, and Quaoar will be processed with a dose similar to what we used in our experiments, while on Miranda it should take <10 6 yr to reach the similar doses (Moore et al. 2007 ). We note these time estimates may be an upper limit, as we observed these fast outbursts even at the lowest doses used in this study and previous models for deriving the timescales (Cooper et al. 2003; Strazzulla et al. 2003a ) did not take into account heavier, less abundant ions which have played a significant role on the radiation effects in other environments, such as the interstellar medium.
N 2 O as Evidence for Radiation Processing
Of the detected products in the ice, we observed N 2 O (2224 cm −1 ; ∼4.5 μm) after irradiating our sample at 120 K and in our other irradiated samples after thermal processing. To obtain an estimate of the concentration of N 2 O in our sample, we note that infrared transmission studies have shown that this N 2 O band is nearly the same strength as the CO 2 absorption band at 2340 cm −1 (Fulvio et al. 2009 ). Comparing our absorption band to one of CO 2 in water ice of the same thickness used in these experiments, which is necessary due to interference effects present in thin-film reflectance studies , we estimate that the maximum concentration of N 2 O is <0.1%. The ability to detect such low concentrations of N 2 O in ice makes this molecule a good candidate for remote sensing spectroscopy.
The detection of N 2 O on an icy surface in outer space will be important not only because it will provide direct evidence for radiation processing but also because it will provide indirect evidence for the presence of ammonia (this work) or nitrogen (Strazzulla et al. 2003b ) in ices. Providing indirect evidence for the presence of either nitrogen or ammonia is particularly useful, because these molecules are hard to detect by remote sensing infrared spectroscopy: N 2 has a very weak forbidden infrared absorption and NH 3 is easily destroyed at surfaces by radiolysis (Loeffler et al. 2010; Moore et al. 2007 ).
CONCLUSIONS
The use of complementary measurement techniques has allowed us to investigate the thermal evolution of a radiolyzed solid ammonia-water mixture over a range of temperatures that are relevant for a variety of surfaces in outer space. In our experiments, we found that even though ion irradiation efficiently decomposes the ammonia at all temperatures studied and produces similar radiation products, only samples that were irradiated at the two lowest temperatures produced the fast outbursts which appear to be indicative of grain ejection and correlate well with the formation of micron-sized scattering centers. The low temperature required for irradiation indicates that this mechanism may be most relevant for understanding release of gas and grains by comets or other cold surfaces, such as Charon, Miranda, or KBO Quaoar.
Another significant result is the outgassing we observe at temperatures below those where ice sublimates, which suggests that comets containing radiolyzed material may have outbursts farther from the Sun that those that are passive. We expect similar behavior for other mixed gases that have undergone radiolysis or photolysis with ultraviolet photons.
The ejection of blister covers (particles) during the bursts may be significant in producing cometary grain ejection. Our photographs show that the ejected particles are on the order of microns, or also the size of the E-ring particles deduced by Showalter et al. (1991) through modeling Voyager photometric data, and thus this gives a plausible mechanism for how micronsized grains could be formed from an icy surface. In the future, it would be interesting to investigate whether other species, such as those that contain carbon, and lower concentrations of NH 3 , can cause similar effects.
Finally, we also suggest that the detection of N 2 O on an icy surface in outer space will serve to provide indirect evidence for radiation-processed ices that originally contained ammonia or nitrogen, which could be particularly useful because these molecules are hard to detect by remote sensing infrared spectroscopy: N 2 has a very weak forbidden infrared absorption and NH 3 is easily destroyed at surfaces by radiolysis.
